Taneja I, Moran C, Medow MS, Glover JL, Montgomery LD, Stewart JM. Differential effects of lower body negative pressure and upright tilt on splanchnic blood volume. Am J Physiol Heart Circ Physiol 292: H1420 -H1426, 2007. First published November 3, 2006; doi:10.1152/ajpheart.01096.2006.-Upright posture and lower body negative pressure (LBNP) both induce reductions in central blood volume. However, regional circulatory responses to postural changes and LBNP may differ. Therefore, we studied regional blood flow and blood volume changes in 10 healthy subjects undergoing graded lower-body negative pressure (Ϫ10 to Ϫ50 mmHg) and 8 subjects undergoing incremental head-up tilt (HUT; 20°, 40°, and 70°) on separate days. We continuously measured blood pressure (BP), heart rate, and regional blood volumes and blood flows in the thoracic, splanchnic, pelvic, and leg segments by impedance plethysmography and calculated regional arterial resistances. Neither LBNP nor HUT altered systolic BP, whereas pulse pressure decreased significantly. Blood flow decreased in all segments, whereas peripheral resistances uniformly and significantly increased with both HUT and LBNP. Thoracic volume decreased while pelvic and leg volumes increased with HUT and LBNP. However, splanchnic volume changes were directionally opposite with stepwise decreases in splanchnic volume with LBNP and stepwise increases in splanchnic volume during HUT. Splanchnic emptying in LBNP models regional vascular changes during hemorrhage. Splanchnic filling may limit the ability of the splanchnic bed to respond to thoracic hypovolemia during upright posture.
STANDING TRANSLOCATES BLOOD from the central thoracic circulation to the dependent regional circulations, producing ϳ20% reduction in cardiac output. The decrease in cardiac output comprises a 40% decrease in stroke volume associated with reflex tachycardia, increased peripheral resistance, and a generally maintained systolic blood pressure (SBP) with somewhat reduced pulse pressure (PP) while quietly standing (35) . Changes in circulatory physiology during head-up tilt (HUT) are said to resemble the changes observed during hypovolemia caused by dehydration or hemorrhage (39, 41) .
Lower body negative pressure (LBNP; see Refs. 44 -46) has been used as a reversible simulation for hemorrhage (8, 30) . LBNP has also been used to model orthostatic stress (7) because many of the changes of neurovascular physiology resemble changes during standing or HUT (31) . Thus, for example, both HUT and LBNP produce central hypovolemia and comparable unloading of the cardiopulmonary and arterial baroreceptors (9, 19) . However, gravitational differences in regional vascular properties have also been noted (21, 24) . Thus recent work by Cooke et al. (8) and el Bedawi and Hainsworth (12) has demonstrated that, although LBNP physiology most closely resembles the physiology of acute hemorrhage, it may be incomplete as a model for orthostatic stress, which must produce changes in regional blood volume and blood flow that simulate standing.
Our recent (unpublished) work using impedance plethysmography (IPG) in the study of HUT demonstrated splanchnic filling (i.e., splanchnic hypervolemia; Fig. 1 ). Splanchnic filling during HUT differs from findings during hemorrhage in which splanchnic emptying occurs and may comprise up to 65% of the total volume of blood lost during the hemorrhage (17) . Vatner (42) , observing the central reservoir function of the splanchnic vasculature, noted that small increases in splanchnic arterial resistance sustained cardiac output during mild nonhypotensive hemorrhage, whereas others observed that incrementally severe hemorrhage produced almost complete splanchnic emptying (5, 37) by the rapid mobilization of venous blood in response to baroreceptor unloading (18, 32) .
We hypothesize that LBNP resembles hemorrhage with a decrease in splanchnic volume, whereas splanchnic volume increases during HUT and is therefore directionally opposite to changes during LBNP. We propose that these differences in splanchnic volume changes occur despite similar changes in regional vasoconstriction, including splanchnic vasoconstriction, and those differences are primarily attributable to the effects of gravity during true orthostatic stress.
The current study was designed to compare and contrast regional circulatory blood flow, arterial resistance, and blood volume changes in healthy volunteer subjects undergoing LBNP and in healthy volunteer subjects undergoing HUT.
METHODS

Subjects
We recruited 18 healthy subjects (18 -30 yr) divided into two groups that were tested on different days using LBNP (n ϭ 10) and HUT (n ϭ 8). The study was approved by the committee for the protection of human subjects (Institutional Review Board) of New York Medical College. Informed consent was obtained from all participants.
Subjects were recruited from a volunteer database and were screened for health status after a review of their medical history.
Subjects were excluded if they were taking cardioactive or neuroactive medications. All procedures were performed after an overnight fast. Subjects refrained from beverages containing xanthine and caffeine for at least 72 h before testing. All subjects were nonsmokers. We excluded volunteers with a history of syncope or orthostatic intolerance. There were no trained competitive athletes or bedridden subjects.
Details of Method
Heart rate and blood pressure monitoring. A single electrocardiogram lead was recorded for rhythm. Upper-extremity blood pressure (BP) was continuously monitored with a finger arterial plethysmograph (Finometer; FMS, Amsterdam, The Netherlands) placed on the right middle or index finger. Electrocardiogram and Finometer pressure data were interfaced to a personal computer through an analogto-digital converter (DI-720; DataQ, Milwaukee, WI). Heart rate (HR) was derived from arterial pressure data. Finometer data were calibrated to a brachial artery oscillographic pressure. All data were multiplexed with impedance data and were thereby synchronized. Mean arterial pressure (MAP) was calculated from SBP and diastolic blood pressure (DBP) from the formula MAP ϭ (SBP ϩ 2 ϫ DBP)/3. PP was calculated from the formula PP ϭ SBP Ϫ DBP.
Changes in regional blood volumes. IPG using a tetrapolar highresolution impedance monitor four-channel digital IPG (UFI, Morro Bay, CA) was used to measure changes in segmental blood volumes and segmental blood flows (25, 26) . These quantities were obtained within four anatomic segments operationally defined by electrode placement on anatomic landmarks that delimit respective regional circulations. These were designated the thoracic segment (supraclavicular area to xyphoid process), the splanchnic segment (xyphoid process to iliac crest), the pelvic segment incorporating lower pelvis to the knee (iliac crest to knee), and the leg or calf segment (upper calf just below the knee to the ankle). Ag/AgCl electrocardiogram electrodes were attached at these segmental boundaries and also to the left foot and left hand, where they served as current injectors. Electrical resistance values were measured by using the segmental pairs as sampling electrodes. The midline distance between the sampling electrodes (L) was measured with a tape measure. We also measured the circumferences of calf, thigh, hips, waist, and chest to obtain approximate volume contents of each anatomic segment. We estimated postural changes in blood volume in each segment during HUT from the formula (15) :
where is electrical conductivity of blood estimated as 53.2 ϫ exp(0.022 ϫ hematocrit) given by Geddes and Baker (14) . R0 is the resistance of a specific segment before change in HUT angle or degree of pressure, R1 is the resistance after change in the HUT angle or degree of pressure, and ␦R is the change in resistance (R1 Ϫ R0) in a specific segment during each incremental HUT or LBNP step; was regarded as constant during all maneuvers.
Blood flow. IPG was also used to measure segmental blood flows (27) . Methods have recently been validated against the reference standard indocyanine green dye technique in our laboratory for the detection of leg, thoracic, and splanchnic blood flow (38, 40) . Pulsatile changes in electrical resistance for each segment were employed to compute the time derivative ‫ץ‬R/‫ץ‬t, which we used to obtain the blood flow responses of each body segment during HUT. Blood flow was estimated for an entire anatomic segment from the formula (14):
where T is the ejection period, R is the pulsatile resistance, and R0 is the baseline resistance. Respiratory artifact was removed from the signal by using a custom, Fourier-based filtering technique. IPG flows were expressed in milliliters per minute for each anatomic segment and could be normalized by dividing by estimated segmental volume. Peripheral resistance. Peripheral resistance was calculated as MAP/flow.
LBNP. Subjects were placed in the supine position such that their lower bodies (legs and hips up to the level of iliac crest) were placed in a sealed airtight chamber (the LBNP tank). The subject was sealed at the level of the iliac crest with a rubber diaphragm hermetically fitted around the iliac crest but not compressing the abdomen. Wire connections for impedance and venous plethysmography and tubes for cuff inflation were externalized through airtight ports. Suction was provided by a vacuum pump capable of rapidly producing desired negative pressure within 5-10 s and controlled with a variable autotransformer calibrated against an electronic manometer. The pressure (in Torr) was fixed by a pressure transducer. Graded LBNP was applied sequentially at Ϫ10, Ϫ20, Ϫ30, Ϫ40, and Ϫ50 mmHg for 5 min at each stage or until presyncope was achieved or the protocol was complete. Presyncope was defined as a decrease in SBP to Ͻ80 mmHg; a decrease in SBP to Ͻ90 mmHg associated with symptoms of lightheadedness, nausea, or diaphoresis; or progressive symptoms of presyncope accompanied by a request from the subject to discontinue the test (13) .
HUT table testing. An electrically driven tilt table (Colin Medical, San Antonio, TX) with a footboard was used. After supine measurements were complete, the table was tilted up sequentially (graded HUT at 20°, 40°, and 70°) and maintained at each stage for 10 min.
Protocol
Tests began after an overnight fast. Subjects were familiarized with the procedure used in the study. After a 30-min acclimatization period, we assessed HR, BP, and respiratory rate during a supine baseline period of at least 5 min. We used IPG (11) continuously to measure resistance (R 0) and beat-to-beat change in resistance (␦R) of thoracic, splanchnic, pelvic, and leg segments (explained above).
After supine data collections were complete, the LBNP group subjects were then subjected to stepwise increasing lower-body negative pressure (Ϫ10, Ϫ20, Ϫ30, Ϫ40, and Ϫ50 mmHg) with 5 min at each pressure. The other group of subjects was tilted upright incrementally to 20°, 40 o , and 70 o , remaining at each angle for 10 min. Continuous BP, HR, and respirations were recorded; impedance flows and volumes were determined from electrical resistance measurements. For purposes of comparison, tabulated and graphic information represent data collected just before changes in LBNP pressure or tilt angle. Segmental flow data were tabulated before and throughout LBNP or HUT.
Data Analysis and Statistics
Data were digitalized and stored in a computer and were analyzed off-line with custom software. HR and BP were determined at each stage expressed as means over 60-s intervals. Segmental blood volumes, flows, and peripheral resistances were calculated by formulas explained above. Time-series evaluations of raw data were analyzed by repeated-measures ANOVA. Results were calculated by using SPSS (Statistical Package for the Social Sciences) software version 14.0 and graphed using GraphPad prism (California) software version 4. All tabular and graphic results are reported as means Ϯ SE.
RESULTS
All subjects completed Ϫ50 mmHg of LBNP and 70°of HUT. No subject fainted or experienced presyncope that required early termination of testing.
Baseline Hemodynamics
Baseline hemodynamic characteristics of subjects undergoing LBNP and HUT protocols are shown in Table 1 . SBP, DBP, MAP, and HR are not different between the groups.
HR and BP during HUT and LBNP
HR and BP changes are shown in Fig. 2 . HR increased from 56 Ϯ 2 to 62 Ϯ 4 beats/min during LBNP and from 62 Ϯ 4 to 96 Ϯ 6 beats/min during HUT (P Ͻ 0.001). SBP and MAP were unchanged throughout LBNP and HUT. DBP increased from 72 Ϯ 1 to 77 Ϯ 2 mmHg during LBNP and from 67 Ϯ 2 to 69 Ϯ 3 mmHg during HUT. PP decreased from 51 Ϯ 3 to 46 Ϯ 3 mmHg during LBNP and from 53 Ϯ 4 to 40 Ϯ 5 mmHg in HUT (P Ͻ 0.01). SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); HR, heart rate (beats/min); PP, pulse pressure (mmHg). Following HUT and LBNP, the SBP was maintained, whereas HR increased and PP decreased (P Ͻ 0.05). Results are represented as means Ϯ SE; n, no. of subjects. LBNP, lower body negative pressure; HUT, head-up tilt; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate.
IPG Changes in Segmental Blood Volumes and Blood Flows
Similar changes in segmental blood flows in LBNP and HUT. As shown in Fig. 3 , LBNP and HUT resulted in similar decreases in segmental blood flow over the negative pressures and angles tested. Impedance flows were expressed as percent changes. In both LBNP and HUT, there was a decrease in thoracic blood flow by 60%, splanchnic blood by 40%, pelvic blood flow by 40%, and leg blood flow by 35%.
Similar changes in segmental arterial resistances in LBNP and HUT. As shown in Fig. 4 there was an increase in arterial resistance (P Ͻ 0.001) in all four segments. These were similar for LBNP and HUT. Thus thoracic resistance increased by ϳ145% for both LBNP and tilt; splanchnic resistance increased by ϳ90% for both LBNP and tilt. Pelvic peripheral resistance increased by 90% following LBNP and 125% following HUT, and leg peripheral resistance increased 75% following LBNP and 140% following HUT (Fig. 4 , P Ͻ 0.05).
Similar changes in thoracic, pelvic, and leg blood volumes but directionally opposite changes in splanchnic blood volumes in LBNP and HUT. Changes in segmental blood volumes for LBNP and HUT are shown in Fig. 5 . In both LBNP and HUT, thoracic volume decreased by 12%, pelvic by 5%, and leg by 8% (P Ͻ 0.05). LBNP and HUT induced opposite volume shifts in splanchnic circulation. Splanchnic volume decreased in LBNP (12%), although it increased in HUT (18%; P Ͻ 0.001). Figure 6 highlights this directional difference between LBNP and HUT by depicting representative splanchnic blood volume changes in a representative subject undergoing LBNP and in a representative subject undergoing HUT.
DISCUSSION
Our main new finding is that the splanchnic reservoir fills (pools) during HUT and empties during lower-body negative pressure. The greater the tilt angle during HUT the greater the pooling. Conversely, the more negative the pressure during LBNP the greater the splanchnic emptying. Orthostatic stress is elicited by upright posture or standing. LBNP and HUT result in similar degrees of thoracic hypovolemia, resulting in unloading of the arterial and cardiopulmonary baroreflexes to a similar extent. This results in similar changes in regional blood flows and arterial resistances. However, the directionally opposite change in splanchnic volume is a fundamental dichotomy between the two stressors.
Our investigation is unique in that it is the first to demonstrate that the progressive reduction in central blood volume induced by LBNP elicits a splanchnic emptying similar to that observed in hemorrhage. This finding provides new data that support the use of LBNP as an appropriate model to study the physiology of hemorrhage in humans.
The disparate findings can be explained by the effects of gravity. Splanchnic (e.g., portal) venous pressure is ϳ12 mmHg (6) . From our data, Ϫ50 mmHg LBNP and 70°HUT both produce a reduction in splanchnic blood flow of ϳ40%. Estimated central venous pressure supine is ϳ6 mmHg and upright at 70°ϳ0 mmHg (10) . Estimated central venous pressure at Ϫ50 mmHg LBNP is also ϳ0 mmHg (29) . For the sake of discussion, we partition the contributions to splanchnic venous pressure into a hemostatic component, the pressure at the central point of the splanchnic circulation (taken as midabdomen) resulting from gravity, and a dynamic or viscous component that arises as the pressure gradient required for venous return while supine. Assuming a reduction of splanchnic blood flow by 40% at an initial supine dynamic pressure of 12 mmHg (hemostatic pressure), then a supine central venous pressure of 6 mmHg implies that a pressure gradient of 12 Ϫ 6 ϭ 6 mmHg is needed on average to return splanchnic venous flow to the right heart. If venous resistance were to remain constant, then a 40% reduction would lead to a reduction of the gradient for splanchnic venous to 4.5 mmHg. This estimated gradient is not likely to be much smaller; if anything, the gradient is likely to be slightly larger because of venoconstriction. Because central venous pressure is reduced to 0 mmHg during Ϫ50 mmHg LBNP, if gravity were absent, this implies a portal venous pressure of ϳ4 -5 mmHg. Assuming that this is equal to the average splanchnic venous pressure then the combined effects of elastic recoil from 12 to 4.5 mmHg and splanchnic venoconstriction would produce considerable splanchnic emptying. This accounts for extensive emptying of the splanchnic vasculature during lower-body negative pressure. To obtain a similar estimate of splanchnic emptying/pooling during upright tilt, we add the effects of gravity, i.e., add the hemostatic pressure to the dynamic pressure. By direct measurement, we estimate that the midpoint of the abdomen is ϳ20 cm below the heart. At an angle of tilt of 70°, this corresponds to a hemostatic column of sin(70 o ) ϫ 20 cm or 18.8 cm. The conversion from centimeters of blood to millimeters mercury is 0.776 ϫ 18.8 cm ϭ 14.6 mmHg. Adding this to the dynamic pressure estimate yields a total splanchnic pressure of 14.5 ϩ 4.5 or 19 mmHg, which considerably exceeds estimated supine splanchnic venous pressure and accounts for splanchnic filling. One might predict that, for equivalent degrees of leg filling, there is less cardiovascular stress during LBNP than during HUT because of splanchnic emptying in the former and splanchnic filling in the latter.
The splanchnic circulation comprises the vessels of the liver, spleen, pancreas, and intestines. The pivotal role of the splanchnic circulation has been long appreciated (24) . Specific organ blood reservoir capabilities vary across species (33) . Thus, for example, Barcroft et al. (2) showed that splenic contraction could completely restore circulating blood volume in the dog during mild hemorrhage. The splanchnic circulation receives the largest blood flow of any regional circulation under resting conditions (36) and contains the largest blood volume (35) . Its oxygen consumption is usually low (4). This allows for a great reduction in blood flow before organ ischemia occurs (20) . Active venoconstriction combined with elastic recoil of the veins greatly enhances the release of blood during circulatory insufficiency and specifically during hemorrhage (16, 34) . Thus, Vatner (42) demonstrated that moderate hypotensive hemorrhage was associated with increased splanchnic arterial resistance and also peripheral vascular resistance, whereas severe shock was associated with further globally increased arterial resistance but nearly complete splanchnic emptying. sympathetic activation. Splanchnic emptying during hemorrhage also occurs in humans (22) .
LBNP is an excellent model for hemorrhage (8) and produces unloading of the thoracic baroreceptors (3). The main advantage for LBNP over HUT in the study of hemorrhage is that it explicitly removes gravitational effects as a separate physiological stressor. Therefore, it is entirely expected that progressive stepwise splanchnic emptying should accompany stepwise decrements in LBNP. However, to our knowledge, we are the first to demonstrate this in humans and to show the large volumetric contribution to LBNP.
Although pooling during LBNP in diverse regional circulations has been studied, the splanchnic bed has not been specifically investigated. Thus Wolthuis et al. (47) suggested significant pooling in legs during Ϫ40 mmHg LBNP but did not consider splanchnic changes. White and Montgomery (43) , using impedance methods, showed significant pelvic pooling in females but not in males during 50 mmHg fixed LBNP. These investigators grouped the thoracic and splanchnic circulations together as the "trunk" and therefore could not discriminate specific splanchnic contributions.
HUT is an excellent model for standing or orthostatic stress (1) and produces unloading of the thoracic baroreceptors (9) that is qualitatively similar to LBNP or hemorrhage. However, orthostatic stress is driven by gravity. Thus dependent regional vasculature below the hemostatic indifferent point (23) will fill with blood while the vasculature above will empty. The indifference point in humans is regarded to be approximately at the xyphoid process. Thus, in our experiments, the splanchnic segment, which is demarcated by the xyphoid process above and the iliac crest below and is centered roughly at the umbilicus, will be subject to a net hemostatic pressure that produces filling. The indifference point may change with posture, with time, and with various fluid shifts out of (above the indifference point) and into (below the indifference point) the interstitial spaces. However, directional changes in segmental filling or emptying are fairly monotonic and are typically unaffected over the course of a typical HUT test. Thus, just as dependent legs fill with venous blood despite arterial vasoconstriction during upright tilt, so does the splanchnic bed fill with venous blood despite arterial vasoconstriction during upright tilt. It is possible that splanchnic venoconstriction could in part counteract this filling. Thus, in addition to passive elastic recoil resulting from arterial vasoconstriction, active splanchnic venoconstriction may contribute to emptying of the splanchnic venous system (34) . However, by our estimation, splanchnic pressure is importantly increased during HUT, and it is not surprising that net venous filling occurs.
Limitations
Use of HR methods for ascertaining changes in segmental blood volumes has been debatable. There is ample precedence in its use in our laboratory (38, 40) and others (28) , although there is considerable biological variability.
The subjects were healthy young adults. Results are therefore not necessarily generalizable to all age ranges or to disease states.
The same subjects did not participate in both phases of study (LBNP and HUT protocols) and therefore could not act as their own controls. This was done to reduce the test duration in one single setting and improve subject compliance. A randomized counterbalanced study design would have an added advantage over the present design. However, the data are fairly tight with small variations even though patients were randomly selected. This strongly suggests that the phenomena observed are real and universal.
Also, the changes in stepwise incremental tilt used three steps compared with five steps of LBNP. However, these are standard protocols in which the overall duration of LBNP and HUT was designed to be similar. Thus the time taken for the regional fluid shifts is similar. Also, changes in vascular resistance and blood flows are similar in each group, suggesting that the schemes used for HUT and LBNP were similar from the standpoint of baroreflex unloading and vasoconstrictive response.
In conclusion, on the one hand, splanchnic blood pooling in HUT and directionally opposite splanchnic blood emptying in LBNP suggest an important difference caused by the effect of gravity on methods that are typically regarded as similar means to produce orthostatic stress. Although both produce similar changes in thoracic volume, thereby producing similar changes in thoracic baroreflex unloading, they cannot be regarded as completely similar stressors: upright tilt models standing or orthostatic stress; LBNP models hemorrhage or supine hypovolemic stress.
On the other hand, no method or model perfectly duplicates an actual condition. The data presented in the present paper support the notion that LBNP in fact duplicates the majority of regional circulatory responses that are induced by HUT. Splanchnic volume was the only response that was uniquely different. Thus the appropriateness of using LBNP to study orthostatic stress depends on the response of interest. For example, if one desires to investigate the relative (%) effects of orthostatic stress on regional vascular resistances, it could be argued that LBNP is an appropriate model. Data acquired by these different techniques should be interpreted within this context.
